Abstract
Introduction

39
Buildings consume a significant part of the global total energy, particularly heating, ventilation 40 and air-conditioning (HVAC) systems are responsible for around 50% of the energy consumed 41 in buildings [1] . As a matter of fact, the energy consumption for dehumidification process 42 accounts for 20-40% of the total energy used in HVAC systems, and it can be higher when 100% 43 fresh air ventilation is required for better indoor environment [2] . Without proper air 44 dehumidification, occupants would feel uncomfortable and mildew would grow on building 45 interior walls in the humid region. Furthermore, production safety and quality would be 46 seriously affected by high humidity level [2] . It has been shown that the building energy 47 consumption could be decreased by 20-64% with efficient dehumidification technologies [3] . 48 Currently, cooling coil is mostly preferred for dehumidification [4] , which adopts cooled water 49 as the cold medium generated from vapour compression system (VCS). The conventional VCS 50 has advantages of good stability in performance, long life and a reasonable electrical COP 51 (between 2 and 4) [5] . However, the working fluids used in VCS such as R-22, R-410A and R-52 134A with the high global warming potential are harmful to the environment. Furthermore, 53 VCS consumes substantial amount of electrical energy [6] . In the traditional cooling coil, air 54 dehumidification is undertaken simply by cooling air below its dew point for condensation in 55 order to reduce its moisture content. Normally, this type of dehumidification is followed by 56 reheating the dehumidified air to a desired temperature. Consequently, this combined process 57 consumes a considerable amount of energy to cool (typically using a VCS) and heat (using hot 58 water or electricity) the supply air [7] . 59
The traditional liquid desiccant system commonly adopts the packed bed, where air and 68 condition. The fundamental data of and ℎ under various aspect ratios are calculated. 104
However, the assumption of a fully developed flow is not reasonable in this model. Accordingly 
Test Apparatus and Instrumentation
122
A test facility is designed and built in the laboratory to assess the performance of a cross-flow 123 membraned-based liquid desiccant dehumidification system under different operating 124 conditions. The test rig mainly consists of a dehumidifier, a regenerator, two solution tanks and 125 three heat exchange units. The schematic diagram of the test rig is shown in Fig. 1 , and the 126 dehumidifier specifications and membrane physical properties are given in Table 1 . 127 
Fig. 1. Schematic diagram of the laboratory test rig
Air loop 133
The outdoor air flows into the dehumidifier where both its moisture content and temperature 134 are reduced by cold desiccant solution, then it leaves the dehumidifier unit at dry and cool state. 135
Its flow rate is controlled by adjusting an AC axial fan rotation speed (ebm-papst Mulfingen 136
GmbH & Co. KG). An air conditioning unit and a humidifier are used to simulate the hot and 137 humid weather condition. The dehumidifier structure is illustrated in Fig. 2 . The dehumidifier 138 has a dimension of 410mm (L) x 230mm (W) x 210mm (H) with 11 air channels and 11 solution 139 channels. As can be seen in Fig. 2 , wavy polyethylene sheets are used to support the air channels. Table 2 . 162 Heat capacity rate is defined as the product of specific heat capacity and mass flow rate ( ⁄ ). 202
Thus the heat capacities of desiccant solution and air are expressed by Eqs. (3)-(4) [43] . 203
204 Solution to air mass flow rate ratio is a measurement of relative flow rate of two heat 211 exchanging fluids. In this experiment, the solution to air mass flow rate ratio ( * ) is used since 212 it is a more straight forward parameter. The solution to air flow rate ratio is defined as: 213 * =̇̇ (6) 214
Operating factor ( * ) 215
Operating factor is a dimensionless number defined as the ratio between the latent energy 216 
is air 219 humidity ratio ( ⁄ ) and
, is solution equilibrium humidity ratio ( ⁄ ). 220
Number of heat transfer units ( ) 221
Effectiveness-NTU method is one of the most commonly used ways for heat exchanger analysis. 222
Compared with log-mean-temperature-difference method, it provides a superior way to analyse 223 heat exchanger in terms of non-dimensional variables [44] . 224
Where is the overall heat transfer coefficient (
is the minimum value of air and desiccant solution heat capacity rates ( ⁄ ), ℎ is air 228 convective heat transfer coefficient ( can be neglected for the simplicity. 241
Effectiveness 242
Effectiveness is the most important parameter used to evaluate the performance of a heat and 243 mass exchanger [45] . Three types of effectiveness have been defined in this study: sensible 244 effectiveness ( ), latent effectiveness ( ) and total effectiveness ( ). is the ratio 245 between the actual and maximum possible rates of sensible heat transfer in a heat exchanger. 246 is the ratio between the actual and the maximum possible moisture transfer rates in a mass 247 exchanger.
is the ratio between the actual and maximum possible energy (enthalpy) 248 transfer rates in a heat and mass exchanger. The capacity rate of desiccant solution is higher 249 than that of the air, which means * ≥ 1, then the sensible, latent and total effectiveness are 250 defined by Eqs. (12) - (14). [46] . 
Experimental procedure 258
Dimensionless parameter tests 259
At first, the experiment aims to explore the impacts of number of heat transfer units ( ) and 260 solution to air mass flow rate ratio ( * ) on the dehumidifier performance. The air inlet 261 condition is set at a temperature of 30℃ and relative humidity (RH) of 70%, and the solution 262 concentration is 39%.
is set in the range of 4 to 12. For each , seven tests are 263 conducted with * set as 0.5, 1, 1.5, 2, 2.5, 3 and 3.5. Because air heat capacity rate is always 264 lower than desiccant solution's, thus Eq. (8) can be written as: 265
In order to determine the required air mass flow rate for a corresponding , the overall heat 267 transfer coefficient ( value) needs to be decided at first. According to Eq. (9), and are 268 physical properties of the membrane material, so ℎ and ℎ need to be determined. In thisexperiment, these two parameters are obtained from air side Nusselt number ( The equilibrium specific humidity ( ) is used to calculate both the sensible and latent 316 effectiveness, the relationship between the specific humidity and vapour pressure is given by 317
[40]: 318
Where is the atmospheric pressure (Pa) and is vapour pressure of desiccant solution (Pa). 320
The equilibrium vapour pressure of desiccant solution is a function of and ( = 321 ( , )), the correlation is given by [49] : 322
Where is solution equilibrium vapour pressure ( ), is an electrolyte parameter relating 324 to solute ( 2 ); , , , and are parameters regarding to solvent (water). Accordingly, 325 a psychrometric chart of CaCl2 is plotted and shown in Fig. 3 . 326 327 
Results and Discussion
339
Forty five experimental tests have been conducted to achieve the objectives of this study. Based 340 on the experimental results, the influences of main operating parameters on the system 341 performance are analysed. 342
Effects of dimensionless parameters 343
Two dimensionless parameters, The variation trends of experimental data are similar to that of the analytical results for both 354 sensible and latent effectiveness under * = 0.5 and 1. However, the sensible effectiveness 355 discrepancies between them are significant, and the analytical results are higher for both * . 356
The discrepancies between experimental and analytical results are caused by the following 357 assumptions. Firstly, membrane frosting, membrane fouling, and mal-distribution effects are 358 neglected in the analytical models. Secondly, the inhomogeneous membrane properties, suchas thickness and thermal conductivity, are not considered in the analytical models. Last but not 360 least, the laminar flow is assumed for the air stream in the models to calculate convective heat 361 and mass transfer coefficients. However the amount of heat and mass transfer enhancements 362 are not considered, which could be another source of discrepancy between experimental and 363 analytical results. 364
The variations of the sensible, latent and total effectiveness with * and are shown in 365 
376
The effectiveness under each testing condition can be obtained on the basis of the theories in 377 section 3.1. One example of the effectiveness at = 6 is given in On the other hand, the increase rate of the sensible effectiveness is more significant compared 411 with that of the latent effectiveness at the same . For instance, at = 6, the sensible 412 effectiveness increases by 74% when * increases from 0.5 to 3.5, while the latenteffectiveness only rises by 43%. Similarly, at = 8, the sensible effectiveness increases by 414 68% in the same mass flow rate ratio range, whereas the latent effectiveness rises only by 35.4%. 415 416 seriously by the inlet solution temperature, which depends on the cold water temperature in the 464 system. Another reason is that the solution cannot be evenly spayed to the membrane surface, 465 especially at high and low * , for example when the solution mass flow rate is very low. 466 Therefore, spray nozzle with a larger volumetric spray distribution pattern should be used to 467 improve dehumidification performance. The latent effectiveness is strongly affected by the 468 membrane vapour diffusion resistance, which is related to membrane water permeability. Thus 469 the latent effectiveness can be improved by increasing the membrane water permeability [54] . 470
Effect of number of heat transfer units
This can be implemented by utilizing porous membranes or increasing membrane surface area 471 [28, 29] . However, the porous membrane that has lower vapour diffusion resistance may lead 472 to the problem of droplets carryover. Additionally, the bigger size membrane results in higher 473 air pressure drop, and thus more fan power is required. Moreover, the crystallization of the 474 desiccant would considerably affect heat and mass transfer in the dehumidifier by changing the 475 membrane water permeability [28] . As a result, investigations in the optimum membrane 476 vapour diffusivity with considerations of latent effectiveness, carryover and fan power are 477 needed for further research. increases from 33% to 39%, while the latent and total effectiveness increase from 0.402 to 523 0.434 and from 0.414 to 0.435 respectively. The sensible effectiveness is insensitive to the 524 solution concentration as only a slight decrease with the concentration can be seen. This is 525 because the increase of latent effectiveness would lead to more latent heat to be released to the 526 air channel during condensation on the solution side membrane surface. In the meanwhile, the 527 convective heat transfer coefficient on the air side is relatively low, as a result, the sensible 528 effectiveness would be slightly decreased. For instance, at , = 18℃, the sensible effective 529 decreases by 0.67% when increases from 33% to 39%. Meanwhile, the latent and total 530 effectiveness increase by 19.6% and 13.8% respectively. The impact of , on the sensible effectiveness is far less than that on the latent one. This 556 means that the sensible effectiveness is also insensitive to , . Similar to the impact of , 557 this is mainly due to the fact that the increasing of latent effectiveness would contribute to more 558 latent heat to be released to the air channel during the process of condensation. As a result, the 559 sensible effectiveness is weakened. For instance, at = 33%, the sensible effectiveness 560 decreases by 2.9% as the solution inlet temperature increases from 18℃ to 23℃, while the latent 561 and total effectiveness reduce by 17.3% and by 13.1% respectively. 562
It is also found that at different concentrations, the solution temperature has different effects on 563 the effectiveness. The higher the solution concentration, the more significant effect the solution 564 temperature has. As the solution temperature reduces from 23 ℃ to 18 ℃ , the sensible 565 effectiveness increases by 4.5% at the solution concentration of 39%, by 3.3% and 3.0% at the 566 solution concentrations of 36% and 33% respectively. In terms of the latent effectiveness, when 567 the solution temperature decreases from 23℃ to 18℃ , the latent effectiveness rises by 28.4% 568 at the solution concentration of 39%, by 23.2% at the concentration of 36% and by 21% at theconcentration of 33%. Thus decreasing solution temperature would be a more effective way for 570 the performance improvement with the high concentration solution. 571
To sum up, the system can achieve higher latent effectiveness at lower solution temperature 572 and higher concentration, which is clearly noted in Fig. 14 (b) . The solution temperature and 573 concentration have more significant influences on the latent effectiveness compared with the 574 sensible effectiveness. As shown in Fig. 14 (a) , the sensible effectiveness hardly varies with the 575 solution temperature and concentration. A similar statement is presented in literature [53] , 576 which indicates the sensible effectiveness of a cross-flow membrane-based enthalpy exchanger 577
is not sensitive to its operating conditions. The system dehumidification performance can be 578 improved by increasing the solution concentration and lowering the solution inlet temperature. 579
Comparatively, increasing the solution concentration is preferred in the liquid desiccant system, 580 because more energy is needed to achieve lower solution inlet temperature. However, the use 581 of highly concentrated solution could cause the crystallization problem, which leads to fluid 582 mal-distribution, blockage of the channels, high pumping pressure and membrane fouling. 583
Therefore, the solution properties need to be assessed to avoid crystallization risk [54] . 584 585  The sensible effectiveness is the lowest one among the three effectiveness at the same 598 * and , while the latent effectiveness is the highest one. The increase rate with 599 in the sensible effectiveness is more significant compared to that in the latent 600 effectiveness. 
Conclusions
